The molecular dynamics of poly(2-vinyl-pyridine) (P2VP) brushes is measured by Broadband Dielectric Spectroscopy (BDS) in a wide temperature (250 K to 440 K) and broad spectral (0.1 Hz to 1 MHz) range. This is realized using nanostructured, highly conductive silicon electrodes being separated by silica spacers as small as 35 nm. A "grafting-to"-method is applied to prepare the P2VP-brushes with five different grafting densities (0.030 nm À2 to 0.117 nm
Introduction
Polymer brushes are subject to intensive research with a broad range of interests. Surface graed polymer layers are on the one hand an interesting eld from a theoretical point of view, as they represent a model system for macromolecules in conned geometry. 1, 2 In recent years, much effort has been made to develop and improve superior synthesis strategies, [3] [4] [5] [6] getting tethered polymer layers with high graing densities and specic molecular architecture for different materials and material combinations. Depending on the specic purpose, systems like mixed brushes, consisting of two polymer components, nanoparticle-brush composites or brushes controlling cell adhesion have been established. The use of stimuli responsive polymer brushes allows switching and ne-tuning of surface properties.
3,7-11
For polymer layers of only a few nanometers thickness, about two decades of controversial discussion focussed the question whether or not glassy dynamics and glass transition deviate from the well-known bulk properties. 12, 13 Interfacial interactions between the polymer and its conning surfaces were assumed to induce different dynamics. [14] [15] [16] However, recent results coincidently indicate that glassy dynamics of thin polymer layers 13, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and even isolated polymer chains 27 is identical to bulk dynamics. In contrast, the calorimetric glass transition may deviate from the bulk value which is, according to recently developed theories, rather related to the nite system size 21,28-32 or adsorption. 26, 33 Compared to these deposited layers, chemical bonding of polymers to the substrate represents a much stronger attractive interaction. In the case of poly(methyl methacrylate), an increase of the calorimetric glass transition has been found for graed chains while spin cast layers did not show such changes although the substrate varied from hydrophilic to strongly hydrophobic.
34
Since the calorimetric glass transition is no reliable measure of segmental dynamics, 21 the present work employs Broadband Dielectric Spectroscopy (BDS) as a technique directly accessing this process. 35 In this study, the molecular dynamics of poly(2-vinyl-pyridine) (P2VP) polymer brushes is investigated by means of BDS. Since each chain segment carries a dipole moment, it allows for the measurement of the segmental mode, or a-relaxation, of the polymer, which is the structural relaxation underlying the dynamic glass transition. Dielectric measurements down to the level of a few-nm thin lms are possible with a recently developed nanostructured electrode arrangement. 36 Silica pistons with a height of a few tens of nm serve as spacers to guarantee a small and welldened distance between the electrodes.
Experimental
The electrodes of the sample capacitor consist of two highly conductive silicon wafers with a specic resistance r < 0.01 U cm purchased from Si-Mat and a 200 nm-thick Al-layer deposited on the backside. The lower electrode with a native oxide layer of about 1-2 nm is used as substrate for the polymer brush preparation. Aer cutting the wafer in 10 Â 20 mm 2 pieces the wafer dice are cleaned in an ultrasonic bath with ethanol followed by oxygen plasma treatment. To gra the P2VP chains on the substrate, a two-step "graing-to" procedure is applied. spin-coated from a 1 wt% THF solution. Subsequently, by applying annealing times from 1 min to 16 h, the graing process of the P2VP-COOH chains is interrupted at different times. As a result, samples with different graing densities are prepared. Finally, the samples are rinsed in THF to remove ungraed polymer chains.
As top electrode a 1 Â 1 mm 2 silicon wafer dice ( Fig. 1 ) is used, which is accomplished with an array of highly insulating silica spacers having a quadratic cross section of 5 Â 5 mm 2 and a height of 35 nm. In order to clean the dice, acetone rinsing and plasma treatment followed by snow jet blasting are applied.
To check the quality and homogeneity of the prepared polymer brushes Atomic Force Microscopy (AFM) is carried out employing a Vecco Dimension 3000 AFM in tapping mode. Film thicknesses are determined by ellipsometry (Sentech SE-402 scanning microfocus ellipsometer).
For the BDS measurements a Novocontrol Alpha analyzer (spectral range from 1 mHz to 10 MHz) was used, in combination with a Quatro temperature controller to cover a temperature range of 250 K to 440 K with a relative stabilization accuracy of 0.1 K. The measurement accuracy of the dielectric spectrometers is 10 À4 . Due to uncertainties in the control of the separation between the solid surfaces of the nanostructured electrodes, the dielectric strength of the relaxation processes can be only determined with an absolute accuracy of z30%. This does of course not inuence the precision with which the maximum position of the relaxation processes and hence the mean relaxation rate can be deduced.
Results and discussion
Aer each step of the polymer brush preparation, the layer thickness was measured by ellipsometry. The measured layer thicknesses for PGMA and P2VP for the different annealing times are listed in Table 1 . Using s ¼ hrN A /M n , the corresponding graing densities, ranging from 0.030 nm À2 to 0.117 nm
À2
, can be calculated 3 ( Table 1 ). With the radius of gyration of the P2VP coils (R g z 5 nm) the reduced graing density 6 is given by S ¼ pR g 2 s. Using the classication of Brittain et al. 6 the samples cover the "true-brush" regime with highly stretched coils and the "mushroom-to-brush" transition regime.
The lm quality of the prepared P2VP polymer brushes is also checked by AFM measurements. Typical images of three graing densities are given in Fig. 2 and show a homogeneous surface with a typical roughness in the order of R RMS z 0.3 nm. This conrms, together with the ellipsometric data, the homogeneity of the prepared lms of P2VP brushes.
To access the molecular dynamics of the prepared P2VP brushes, BDS measurements were carried out. Fluctuations of dipolar segments of the polymer chains are probed by measuring the complex dielectric function 3* ¼ 3 0 À i3 00 with the real (3 0 ) and the imaginary or loss (3 00 ) parts. Measurements were performed in the frequency range from 10 À1 Hz to 10 6 Hz at temperatures ranging from 250 K to 440 K. Fig. 3 shows the dielectric loss 3 00 spectra of the P2VP brushes at three different temperatures (400 K to 420 K). Several features can be observed in the spectra. Beside the molecular relaxations of PGMA and P2VP the specic structure of the sample capacitor with silicon wafer electrodes, an interfacial silica layer and the silica spacers with their respective dielectric properties contribute to the measured signal. To account for the multiple components, an equivalent circuit model is used to describe the spectra (see ESI †). Each component is included with a certain thickness and a complex dielectric function. With this model a t function for the measured dielectric loss is deduced (solid lines in the spectra of Fig. 3 ) and can be used to extract the net dielectric properties of the components, e.g. the P2VP-brushes. Two linear contributions at the low and high frequency side are present which originate from a parasitic conductivity (related to the silica spacers or contaminating particles between the electrodes) and the limited resistivity of the silicon electrodes, respectively. A conductivity part of the thin P2VP layer leads to a polarization peak, observable in a frequency range of 10 À1 Hz to , an empirical function to describe relaxation processes. Reference measurements of a PGMA layer with (2.5 AE 0.1) nm thickness were done to determine the PGMA contribution and show a process in the temperature range of 250 K to 430 K (see ESI †). In Fig. 3 this PGMA-relaxation is observed in the frequency range 10 5 Hz to 10 6 Hz. Finally, the process lying within 10 2 Hz to 10 5 Hz is assigned to the P2VP a-relaxation, i.e.
the dynamic glass transition. With decreasing graing density, the intensity of the a-relaxation peak decreases due to the reduced layer thickness. In the present measurement congu-ration with 35 nm silica spacers and with the present bilayer Fig. 3 Dielectric loss 3 00 spectra of P2VP brushes on a PGMA anchoring layer for five different grafting densities at varying temperatures as indicated. Several contributions are observed and marked by arrows in the spectra of grafting density s 2 : (a) a linear contribution due to a parasitic conductivity of the spacers or contaminating particles between the electrodes, (b) a polarization which originates from the conductivity of P2VP, (c) the a-relaxation of P2VP, (d) a PGMA-relaxation, (e) and a linear contribution due to the limited conductivity of the silicon electrodes. The fit function (solid lines) is deduced from an equivalent circuit model (see ESI †), which includes complex dielectric functions of the multiple components present in the sample capacitor. Thereby, the molecular relaxations of P2VP and PGMA are modelled by two Havriliak-Negami functions. The relative experimental accuracy is given by the size of the symbols if not indicated otherwise. The absolute accuracy of the relaxation strength is estimated to be AE30%. preparation technique, the two lowest graing densities (s 4 , s 5 in Fig. 3 ) already represent the limit of sensitivity for getting signals of the P2VP a-relaxation. The temperature dependence of the maximum position of the a-relaxation is depicted in the activation plot (Fig. 4) . It shows a Vogel-Fulcher-Tammann temperature dependence for all the measured graing densities, a characteristic feature of the dynamic glass transition. Furthermore, within the experimental uncertainty, no deviations from bulk dynamics are observable. Hence, the conformational differences in the varying brush stages have no inuence on the glassy dynamics.
Similar results were reported by Mapesa et al. 20 for thin layers of polyisoprene spincast onto substrates. Their work shows that the segmental dynamics remains identical while the chain conformation is subject of pronounced alterations due to changes in the layer thickness.
The fact that the mean relaxation rate of the segmental dynamics is independent of the graing density shows that the potential between the chain segments is identical for all samples. On the one hand, this is remarkable according to the fact that the coiled polymer chains in such brushes are expected to stretch in perpendicular to the substrate and, by that, take an entropic force.
1,2 As the results show, the impact of such effects on the intermolecular potential can be neglected. On the other hand, our nding can be to some extent anticipated from the work of Tress et al. 27 who found bulk-like glassy dynamics in condensed isolated P2VP polymer chains. In their case, isolated P2VP chains were, in very at (height z 3-6 nm) conformation, subject to attractive interactions with terminal hydroxyl groups of a silica surface which had no impact on the glassy dynamics of most of the segments. These results indicate a bulk-like density in these systems.
Conclusion
Broadband dielectric measurements were carried out to reveal the molecular dynamics of P2VP brushes with different graing densities ranging from highly stretched brushes to the mushroom-to-brush transition regime. The quality of the prepared thin lms was checked by AFM and ellipsometry. Using nanostructured electrodes with 35 nm silica spacers it was possible to measure the dynamic glass transition of the P2VP brushes for all the prepared graing densities. The nding that the mean relaxation rate of the P2VP brushes coincides with that of the bulk demonstrates that the intermolecular potentials for segmental uctuations are similar. This indicates that also the density is not altered, a proposition, which to the best of our knowledge has not yet been proven experimentally, but being commonly anticipated in the determination of the graing density from the layer thickness. Hence, the presented results corroborate the assumption of bulk density in brush systems in the examined range of graing densities. Fig. 4 Activation plot of the P2VP a-relaxation (filled symbols) and the PGMA-relaxation (half-filled symbols) of P2VP brushes on a PGMA layer for five different grafting densities as indicated. For all grafting densities the PGMA relaxation has an Arrhenius-like thermal activation while the P2VP-brushes follow a Vogel-Fulcher-Tammann temperature dependence. The solid line shows the mean relaxation rates of bulk P2VP. The error bars show the accuracy for determining the mean relaxation rate.
